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Abstract 
Effect of cold plasma treatment on microbial load, color and cuticle in baby kale 
(Brassica oleracea) 
Urvi Shah 
Jasreen Sekhon, Ph.D. 
 
 
 
Kale leaves are consumed worldwide because of their promoting health and 
nutritional benefits. However, in the past two decades, there has been an increase in 
foodborne diseases outbreaks caused by microorganisms associated with leafy 
vegetables. Leafy vegetables are majorly consumed raw or are minimally processed, 
increasing the risk of pathogenic entry. The food industry faces challenges in improving 
food safety while maintaining quality of the food. Chemicals in water wash and heat 
treatments (70oC to 121oC) are the most common industrial methods of killing 
microorganisms which have negative effect on the aesthetic quality (color) and 
nutritional properties of the product respectively. Cold plasma treatment of fresh produce, 
an emerging food preservation process, is a fast and environmental- friendly process that 
disinfects the product at a low temperature (30-40oC). It uses an ionized gas comprised of 
charged ions and free electrons for treatment of the product. Cold plasma kills 
microorganisms by altering their metabolic pathways. This suggests that this technology 
may also modify chemical and physical surface properties of food product. Till date, very 
little research has been focused on the effect of cold plasma on the quality and shelf life 
of fresh produce.  
The purpose of this study was to evaluate the efficacy of cold plasma technology 
in disinfecting baby kale leaves and to study its effect on color and cuticle composition. 
Cuticle is the extracellular wax present on the surface of leaves and forms a protective 
	 	 xii	
barrier between product surface and environment. Baby kale leaf samples were treated 
with cold plasma system for different treatment times and color and microbial load was 
evaluated at each treatment time. Untreated leaves and leaves treated with tap water mist 
were used as control. Cuticle analysis was conducted for samples treated with plasma 
mist at 240s. This research demonstrated the ability of the cold plasma system in 
complete inactivation of E. coli O157:H7 when baby kale leaves were treated with 
plasma for 300s. The number of viable microorganisms (E. coli) in baby kale leaves 
reduced from 3.3x102 ± 330 CFU/mL to 0.0 ± 0.0 CFU/mL when the plasma treatment 
time was increased from 60s to 300s respectively. While no significant changes in color 
values were observed when baby kale leaves were treated with plasma for 300s, leaf 
damage and extreme browning was observed in leaves treated with plasma for 600s.  Tap 
water was used as a control for plasma treatment. At each treatment time, lower microbial 
load was observed for plasma treated leaves compared to tap water treated leaves. 
Further, tap water treated leaves at 300s and untreated leaves showed extremely high 
browning index of 109.0 ± 8.0 and 80.1 ± 6.2 respectively, after 12 days of storage in 
refrigerator compared to plasma treated leaves. On the other hand, plasma treatment 
enhanced color stability of the leaves during storage and their browning index value did 
not exceed 62.7 ± 7.1. Plasma treatment of 240s resulted in cuticular changes but further 
studies are required to examine the extent of change. These results show potential of cold 
plasma technology as an efficient disinfection technology which not only kills 
microorganisms, but may enhance shelf life of fresh leafy greens.  
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Chapter 1: Introduction 
Consumption of fresh leafy vegetables has increased and it is important to 
maintain their availability year-round without deterioration of quality (Gil et al. 2014). 
There has been a constant effort to deliver minimally processed foods because of high 
demand for fresh-like fruits and vegetables and increasing shelf life is desired to meet 
consumer demand. An increased respiration rate after harvesting makes fresh produce 
more susceptible to pathogenic attacks (Sandhya et al. 2010). Various disinfection 
methods such as irradiation, ultrasound, hot water washing, modified atmosphere 
packaging and addition of antimicrobial agents are used in the industry to sterilize food 
products. However, these methods require high capital cost and cause undesirable 
changes in color and texture, leads to loss and degradation of essential nutrients and 
formation of carcinogenic compounds (Mahajan et al. 2014).  
Further, no ideal method has been developed yet to achieve sterilization of fresh 
produce, except using antimicrobial agents at ambient temperatures (Misra et al. 2016). 
Cold plasma treatment is an emerging, green process technology with a potential to 
decontaminate fresh fruits and vegetables. Plasma referred to as the fourth state of matter, 
is a partially ionized gas consisting of ions, electrons and uncharged particles such as 
atoms, molecules and radicals (Hoffman et al. 2013). Cold plasma can be applied at 
ambient conditions which reduces the cost and increases its applicability in the food 
industry (Misra et al. 2011).  
The present study involves use of dielectric barrier discharge (DBD) to generate 
cold plasma from humidified air (mist). Generation of atmospheric cold pressure plasma 
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using DBD is a well-established technique (Kogelschatz 2003). In order to, determine the 
efficiency of single- DBD cold plasma, it is important to assess its effect on the quality of 
the product. The use of a single-DBD cold plasma with humidified air (mist) is not yet 
applied in the food industry. This research evaluated the potential of single-dielectric 
cylindrical DBD system in decontaminating baby kale leaves inoculated with E. coli and 
determined the effect of cold plasma on changes in the color and cuticle of the leaves. 
Changes in cuticle were determined using Fourier transform infrared spectroscopy 
(FTIR).  
Specific objectives of the study were:  
1. To determine the effect of DBD cold plasma treatment in reduction of microbial load 
in baby kale leaves 
2. To determine the effect of DBD cold plasma treatment on color values (L*, a*, b*, 
chroma, hue angle and browning index) of baby kale leaves  
3. To determine the effect of DBD cold plasma treatment on cuticle composition of baby 
kale leaves 
 4. To determine the effect of DBD cold plasma treatment on color stability of baby kale 
leaves during storage (4oC) for 12 days  
While additional investigation is always necessary, this research attempted to 
evaluate cold plasma technology as a disinfection method for kale. This can further 
provide a way to the industries and manufacturers to consider the use of DBD cold 
plasma treatment as one of the hurdle technologies and a preservation method in their 
system.  
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Chapter 2: Literature review 
 
2.1 Quality characteristics  
To maintain quality and freshness of leafy vegetables, effective postharvest 
handling is necessary. Some of the common postharvest processing techniques include 
washing, cutting, trimming, freezing, drying, canning and packaging.  
 
Figure 2.1: Definition of Quality (Mampholo et al. 2015) 
 
 
 
 
The term ‘quality’ indicates degree of excellence, high standard or value (Barrett 
et al. 2010). Important biochemical characteristics that determine quality of a food 
commodity include appearance, flavor, texture and nutritive value (Mampholo et al. 
2015). Visual appearance such as color, gloss, size, shape, extent of decay and defects 
determine acceptance or rejection of fresh produce by the consumer. Our palatability is 
driven by flavor attributes (taste and aroma) such as freshness, spiciness, sourness, 
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astringency and sweetness (Barrett et al. 2010). The textural qualities such as firmness, 
thickness, smoothness or crispness are perceived as soon as the product is placed in the 
mouth. In addition, there is correlation between visual appearance and nutritional 
composition of vegetables (Barrett et al. 2010). Kale is an excellent source of vitamin C, 
vitamin K and lutein (Korus and Lisiewska 2011; Podsedek 2007) (Figure 2.2). 
Postharvest handling conditions have a major impact on these quality attributes of the 
food products and poor quality will affect their price and market value.  
 
Figure 2.2: Nutrient composition of baby kale (USDA National Nutrient 
Database) 
 
 
 
 
The time between harvesting and eating of fruits and vegetables determines the 
development of off flavors, losses of distinctive flavors and deterioration of nutritional 
quality (Kader 2008). Cuts and abrasions during postharvest handling may lead to 
undesirable effects on the aesthetic and nutritional quality (such as loss of ascorbic acid) 
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of fruits and vegetables (Mampholo et al. 2015). Postharvest parameters such as time, 
temperature, relative humidity and atmospheric composition play an important role in 
maintaining the flavor and nutritional quality of food products (Kader et al. 2008).  
2.2 Cuticle  
The terrestrial land was invaded by a group of green algae 450 million years ago. 
An extracellular membrane called cuticle covered the aerial parts of this group to protect 
them from desiccation (Dominguez et al. 2010). Plant cuticle is an external continuous 
membrane covering the epidermal surface of leaves with the primary function of 
minimizing water loss (Heredia et al. 2014). The structure of cuticle is not homogeneous 
but consists of different layers: epicuticular waxes, cutin, cutan and intracuticular waxes 
(Dominguez et al. 2010). The outermost layer is chiefly composed of epicuticular waxes 
which could be amorphous or crystalline in structure. Cutin, a three-dimensional porous 
biopolymer underneath the epicuticular waxes constitutes 40 to 80 % of the entire cuticle 
(Lamikanra et al. 2005). It is a mixed polysaccharide material consisting of cellulose, 
hemicellulose and pectin (from epidermal cell wall). Some leaf cuticles like those in 
Agave americana L. and Clivia miniata Reg. (Villena et al. 1999) might also contain an 
alternative polymer called cutan that consists of ether linked network made up of 
methylene chains, double bonds and carboxyl groups (Heredia et al. 2014). On the other 
hand, intracuticular waxes which may contain very long chain aliphatics, intrude into the 
cutin matrix. However, components such as triterpenoids present in intracucticular waxes 
of Arabidopsis leaves (closely resemble Brassica) can cause decrease in the efficiency of 
possessing water barrier properties (Buschhaus and Jetter 2012). While cutin is insoluble 
in organic solvents, cuticular waxes such as long chain fatty acids, C20-C40 n-alcohols, n-
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aldehydes and n-alkanes are soluble in solvents (Dominguez et al. 2010). Epicuticular 
wax components of kale include primary and secondary alcohols, C27-C32 alkanes, C30 
aldehydes, α and β- hydroxyl ketones, esters and fatty acids (Shepherd et al. 1995).  
Cuticle plays a major role in preserving the quality of produce by forming a 
protective barrier between the product surface and the environment (Chaumat and 
Chammel 1991). The wax components present in the cuticle are responsible for 
maximum resistance to moisture loss (Lamikanra et al. 2005). Water permeability 
increases with increase in temperature and it depends on the state and distribution of 
soluble cuticular lipids (Schonherr et al. 1979). Cuticle also represents the first line of 
defense against invading pathogens. Some fungal spores require water to germinate on 
leaf surfaces, but the hydrophobicity of cuticle does not permit the collection of water on 
the surface thus protecting the leaf from fungal damage (Freeman 2008). Some cuticles 
also carry out a self-cleaning mechanism called “lotus effect” where the epicuticular wax 
crystals repel the water and the water beads into droplets (Yeats and Rose 2013). These 
droplets collect the particles and dust from the leaf surface while rolling down to the 
ground. This lotus effect can prevent accumulation of dust and can also wash away any 
pathogenic spores before they germinate.  
Plant tissues can be damaged by compression and impact stress thus leading to 
discoloration and bruising. Resistance to this mechanical damage depends on thickness of 
the cuticle; thick cuticle increases the efficiency of the plant to resist mechanical damage 
from abrasion and can prevent wounds (Lees 1984). Zindarcic et al. (2008) reported 
negative correlation between epicuticular wax content and level of plants infected by 
pests. Therefore, cuticle also plays an important role as a barrier against insects and pests. 
	 	 7	
Cuticular wax esters were found to be responsible for antixenotic resistance of alfalfa to 
T. maculata (Shepherd et al. 1995). Similarly, sorghum wax esters may act as a barrier 
against growth of Locusta migratoria on sorghum leaves (Shepherd et al. 1995).  
Hence, cuticle and its components play an important role in maintaining the fresh 
and aesthetic quality of the produce.  
 
2.3 Microbial safety of leafy vegetables  
Safety of leafy greens especially in salads is a top priority for consumers. The 
presence of pathogens on the leafy vegetables at the time of harvest depends on the 
growth environment such as soil, fertilizers, water, irrigation system, prior land usage, 
seeds and crop selection, topographical conditions during growing (FAO/WHO 2008). 
There are also potential risks of contamination of leafy vegetables when harvesting with 
machine or manual labor (FAO/WHO 2008). In addition, some postharvest processes 
such as washing, spraying or application of water under pressure and vacuum, trimming, 
sorting, pre-cooling, storage and transportation may damage the leaf structure and make it 
susceptible to pathogen attack. Johnston et al. (2006) reported increased contamination 
with E. coli from a mean log count of 0.7 CFU/g to 0.86 CFU/g when cabbages were 
transferred from conveyor belt to the final box. Li et al. (2008) reported that vacuum 
cooling significantly increased the internalization of E. coli O157:H7 into lettuce tissue 
compared to the non-vacuumed leaf. This was tested by studying three-dimensional 
images obtained from laser scanning microscopy. The images showed that the stomata 
after vacuuming procedure was open and guard cells were rounder and shorter than non-
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vacuumed leaves. The study suggested that vacuum cooling could have possibly changed 
the structure of tissue thus enhancing internalization.  
 
2.3.1 Outbreaks  
Leafy vegetables are highly nutritive and recommended as part of a healthy diet. 
Brassica vegetables have high concentration of vitamins, minerals, polyphenols and 
phytochemicals (Podsedek 2007). They act as antioxidants and provide protection against 
cancer. Kale is a good source of vitamin C and ferulic acid (Korus and Lisiewska 2011). 
The concentration of total polyphenols and flavonoids in kale is higher than that in onion, 
broccoli or green bean (Dragovic-Uzelac et al. 2009; Hertog et al. 1992).  
However, consumption of fresh produce is a major concern because it has resulted 
in foodborne diseases outbreaks on a global level (Gajraj et al. 2012). The number of 
leafy vegetables associated outbreaks reported to Centers for Disease Control and 
Prevention (CDC) between 1973 and 2012 were higher than outbreaks caused by other 
food types (Herman et al. 2015). A CDC (CDC 2012) report about outbreak of E.coli 
O157:H7 infections linked to Romaine Lettuce reported that 58 people were infected 
from 9 different states of which 3 developed hemolytic uremic syndrome (HUS) (CDC 
2012; Figure 2.3).  
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Figure 2.3: Final Case Count Map, Persons infected with the outbreak strain of E. 
coli O157:H7, by state, as of March 21, 2012 (n=58) (CDC 2012) 
 
 
 
 
2.3.2 Antimicrobial treatments 
 Most commonly used antimicrobial treatments in the fresh produce industry are 
irradiation, ultrasound, high pressure processing, hot water washing, addition of 
antimicrobial agents (organic acids, hydrogen peroxide and electrolyzed water solutions) 
and modified atmosphere packaging (Mahajan et al. 2014). However, these technologies 
possess some technical or economical disadvantages which will be discussed briefly in 
this section.  
Electrolysis of sodium chloride (NaCl) solution in an electrolysis cell generates 
electrolyzed water (EW).  The solution dissociates into an acidic solution (acidic 
electrolyzed water) from anode and a basic solution (basic electrolyzed water) from 
cathode. Acidic Electrolyzed water (AEW) has a strong germicidal effect on pathogenic 
bacteria and has been tested on food products such as spinach, strawberries, tomatoes and 
lettuce (Hricova et al. 2008). However, chlorine compounds from electrolyzed water may 
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react with protein in the foods to form organochloramines which play a role in reducing 
antimicrobial activity. This set up also involves a high cost of equipment and higher 
oxidation reduction potential that can be corrosive and irritating for hands. The solution 
also loses its antimicrobial activity if continuous supply of hydrogen ions(H+), 
hypochlorous acid (HOCl) and chlorine (Cl2) is stopped during electrolysis (Huang 
2008). Usage of chlorine as a disinfectant has also been reported to have certain health 
risks (Olmez et al. 2009). Hua et al. (2007) reported that use of free chlorine, 
monochloramine and chlorine dioxide as a water disinfectant led to formation of 
dihalogenated haloacetic acids (DHAAs) which are carcinogenic compounds. Free 
chlorine also produced unknown total organic halogen (UTOX), trihalomethanes (THMs) 
and trihalogenated haloacetic acids (THAA) which are also suspected human carcinogens 
(Hua et al. 2012).   
Irradiation is performed using a gamma radiation source at a lower temperature 
(5-9oC) maintained with liquid nitrogen (Fan 2005). Irradiation improves hygienic 
quality, antioxidant capacity and shelf life of food products (Fan 2005). Although 
irradiation using gamma rays is a quick method of disinfection it may lead to undesirable 
changes in organoleptic and nutritional quality of foods (Dionisio 2009). Micronutrients 
such as fat soluble vitamins are destroyed by irradiation (Dionisio 2009).  A gradual loss 
of ascorbic acid in apples when irradiated with more than 2 kGy has been reported 
(Dionisio 2009). A case study conducted by Moy and Wong (2002) reported significant 
loss of Vitamin C in star fruit irradiated with 0.75 kGy. Jo et al. (2002) observed a 54% 
decrease in ascorbic acid when kale juice was disinfected using gamma radiation. 
Furthermore, visual browning of romaine and iceberg lettuce was reported when 
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irradiated and stored for 8 days (Fan 2005). Browning gradually increased with radiation 
dose. It is important to retain the greenness of leafy vegetables such as kale, spinach and 
lettuce after sterilization treatments and irradiation does not provide 100% satisfactory 
results.  
One popular disinfection method is to use organic acids such as acetic acid and 
gluconic acid. Addition of these organic acids to the solution changes the pH, leading to 
stressful conditions for microorganisms and prohibiting their further growth (Shin 2006). 
While, high concentrations of acetic acid may lead to loss of aesthetic green color of the 
product, use of gluconic acid during canning may decrease greenness and increase 
yellowness during storage (Shin 2006; Mcglynn 1993).  
Another promising technology being investigated is application of ultrasound as 
food preservative technique. Frequency in the range of 20-100 kHz and a liquid medium 
is required to transmit ultrasound. Cavitation bubbles are generated in the medium, which 
in turn produce mechanical stress, free radicals or quick temperature rise that has 
cleaning action on the surfaces (Scherba et al. 1991). However, initial capital cost for 
ultra-sonication system is high because various parameters are involved such as power 
level, frequency, and nature and volume of the liquid (Jeng et al. 1990). In addition, a 
second disinfection step (with chlorine water) is required for complete inactivation of 
pathogens in fresh produce (Seymour et al. 2002).  
Although heat treatments such as blanching (hot water or steam) have proven to 
kill microorganisms, these may result in color bleaching and alter texture, flavor and 
nutrient content (Gonzales et al. 2010). High hydrostatic pressure (HPP) processing is a 
viable alternative that requires less energy. High pressure is generated using 
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hydropneumatic pumps, thermostatic circuit and high pressure machine. The samples to 
be disinfected are hermetically sealed in a flexible tube and immersed in a fluid (water). 
There is transmission of pressure with isolation of sample from the fluid. However, HPP 
may cause changes in protein structure such as unfolding, aggregation and gelation and 
orientational ordering of fatty acids (fat crystallization) (Butz et al. 2002). When 
Prestamo & Arroyo (1998) subjected spinach leaves under HPP, SEM images exhibited 
disrupted cell structures and a new cavity formation appeared leading to a possibility of 
nutritional losses.  
There is no ideal method developed to achieve sterilization without additives at 
ambient temperatures (Misra et al. 2016). Hence, there is a potential for innovative 
technologies that may kill micoorganisms at room temperature without altering the 
aesthetic and functional properties of the food commodity.  
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2.4 Cold plasma  
In the recent years, there has been an increase in the demand for consumption of 
minimally processed and non-thermally processed fruits and vegetables. Therefore, it is 
necessary to explore innovative technologies to deliver high-quality products and extend 
their shelf life without adverse effects (Ragert et al. 2007). Consumer satisfaction is 
achieved when preservation methods result in minimum degradation of nutrients while 
preserving aesthetic quality. Cold plasma is one such emerging technology with potential 
for disinfection of food products.  
 
Figure 2.4: Constituents of Plasma (Nehra et al. 2008) 
 
 
 
 
Plasma referred to as the fourth state of matter, is a partially ionized gas 
consisting of ions, electrons and uncharged particles such as atoms, molecules and 
radicals (Hoffman et al. 2013). Electrical discharges are used to excite gas molecules thus 
producing plasma. Langmuir (1928) was the first to name this ionized gas as 
“plasma”. Examples of plasma in our daily life are neon lights, northern lights and 
lightning in thunderstorm.  
	 	 14	
 
Figure 2.5: Four States of Matter (Hoffman et al. 2013) 
 
 
 
 
Plasma discharges can be produced via various operational conditions thus 
allowing formation of different chemical compositions. In general, there are two types of 
plasmas: thermal (hot) plasma and non-thermal (cold or low temperature) plasma. Fully 
ionized gas generates thermal plasma while partially ionized gas generates non-thermal 
plasma (Haertel et al. 2014). The electrons and ions from a gas source (humidified air, 
helium or argon) possess the same energy and are in equilibrium in a thermal plasma. In 
non-thermal plasma, the reactivity is generated from high energy electrons and the ions 
remain at a low (cold) temperature, therefore the gas is not heated up (Misra et al. 2016). 
The composition and temperature of non-thermal plasmas can be adjusted according to 
the application through various parameters such as type of gas and its composition, gas 
pressure, energy input and the power supplied (Conrads et al. 2000). Non-thermal 
plasmas are maintained at a temperature between 30 OC and 40 OC and require less power 
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than thermal plasmas (Hoffman et al. 2013). In addition, this technology can also be 
applied to heat sensitive products.  
In industrial technologies, until last few years cold plasma processes were used 
for coating, microelectronics, machinery, optics etc. and were carried out under vacuum, 
which is not an efficient method for food industries (Bardos and Hana 2008). Recently, 
non-thermal plasma discharges can be produced at ~1 atm at ambient conditions thus 
making its application easier and less expensive on the industrial scale, especially for 
disinfection of fresh produce (Kim et al. 2011).  
Breakdown is a process in which neutral gas is converted into plasma. Higher 
electric field is necessary to initiate breakdown process of gas at atmospheric pressure. 
Townsend and streamer breakdown are two types of breakdown mechanisms. Townsend 
breakdown is generated in a microdischarge or glow discharge. Filamentary (streamer) 
discharges are most commonly observed in atmospheric pressure non-thermal plasmas 
(APNTP). This breakdown can develop into arc or spark at atmospheric pressures thus 
leading to heating of gas. Formation of spark and arc can be avoided by limiting the 
current density through introduction of dielectric or resistive barriers. APNTP can be 
produced using following components (Misra et al. 2016):  
• Sharp electrodes: to increase electric field strength and avoid formation of sparks 
or arcs.  
• Dielectric or resistive barriers:  to limit the discharge current because at high 
current densities, transition of streamer discharges into spark takes place thus 
heating the gas.  
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• Pulsed power supply: prevents thermalization and helps in achieving highly 
nonequilibrium state even at higher voltages.  
• Higher gas flow rate: improves heat transfer.  
 
2.4.1 Atmospheric pressure non-thermal plasma (APNTP) systems  
2.4.1.1 Corona Discharge APNTP 
Corona discharge is produced by application of nonuniform electric field. Corona 
electrodes have small curvature radius such as sharp point or thin wire. Due to its 
nonunifromity, the discharge process is limited only in the vicinity of the corona 
electrode. Based on the polarity of high voltage corona electrode, the discharge is 
classified into positive and negative corona discharge. Increase in voltage increases the 
length of arc column.  
 
Figure 2.6: Schematic diagram of corona electrical discharge plasma (Wu et al. 2017) 
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2.4.1.2 Gliding Arc Discharge  
A DC or AC power supply source is used to generate gliding arc discharge. Two 
divergent electrodes are present in a gliding arc plasma generator. The shortest distance 
between the electrodes is the starting point of the arc and it moves further with the gas 
flow. The length of arc column increases with voltage (Lie et al. 2006).  
 
Figure 2.7: Schematic diagram of gliding arc discharge plasma (Kalra et al. 2005) 
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2.4.1.3 Dielectric Barrier Discharge (DBD)  
It consists of two flat or cylindrical metal electrodes, one at high voltage and the 
other is grounded. The carrier gas moves between these two electrodes (Hoffman et al. 
2013). As the name suggest, the discharge can be blocked by a dielectric material (glass, 
quartz, ceramics or polymer layers) that covers one or both the electrodes or can be 
suspended between the two electrodes (Misra et al. 2016). Figure 2.8 depicts the basic 
configurations of DBD:  
 
Figure 2.8: Basic configurations of DBD (Dielectric barrier discharge) 
(A): Dielectric layer covers one electrode, (B): Dielectric layer covers both the 
electrode, (C): Dielectric layer is suspended between two electrodes.  
 
 
 
 
Since this design prevents spark and arc discharges, it is convenient and safe to 
use for food applications. Chiper et al. (2011) reported the use of dielectric barrier 
discharge (DBD) with argon and CO2 mixture for reduction of Photobacterium 
phosphoreum in cold-smoked salmon. DBD plasma’s use for in-package decontamination 
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of lettuce has shown to reduce concentrations of certain foodborne associated pathogens 
such as E. coli O157:H7, Listeria. monocytogenes, and Tulane virus by 1.1 log CFU/g, 
1.0 log CFU/g, and 1.3 log CFU/g, respectively in romaine lettuce.  (Min et al. 2016). 
Qualitatively DBD can be used to delay browning process in freshly cut produce because 
this type of cold plasma treatment has been reported to inhibit polyphenol oxidase 
activity in fresh cut apples with increase in treatment time (Tappi et al. 2014).  
As discussed in the previous section, there are various challenges (cost, changes 
in visual appearance, nutritional losses and formation of unwanted products) involved for 
adoption of different decontamination treatments. In comparison to other 
decontamination techniques such as gamma irradiation and high pressure treatments, 
plasma technology does not require high cost and efforts in installation compared to 
irradiation and high pressure processing (HPP) systems (Lee at al. 2016).  
2.5 Cold plasma technology in food industry  
Early applications of plasma were in polymer and textile industry for surface 
modification, synthesis of nanoparticles, etching of semiconductor surfaces and chemical 
vapor deposition. The last decade revealed application of plasma technology in 
multidisciplinary fields such as medicine, foods, plant materials and waste treatments 
(Figure 2.9).  
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Figure 2.9: Applications of non-thermal plasma technology (Misra et al. 2016) 
 
 
 
 
Reduction of influenza virus A (H5N2) was achieved using cold oxygen plasma 
technology with air subjected to high-energy deep-UV light. The mechanism of 
inactivation of viruses is by peroxidation of lipids and proteins. (Terrier et al. 2009). 
In recent years, different cold plasma systems and treatments have been 
investigated on food products, especially to determine their antimicrobial efficiency.   
In the food industry, plasma treatment can be applied for microbial inactivation, 
sterilization of surfaces and packaging materials, functional and structural modifications 
and changes in texture.  Misra et al. (2015) reported that atmospheric pressure cold 
plasma treatment of wheat flour improved its viscoelasticisty and dough strength 
suggesting this technology may enhance structural properties of food products. Segat et 
al. (2015) reported improvement in the foaming and emulsifying capacity of whey 
protein isolate when treated with atmospheric pressure cold plasma for 60 minutes. These 
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structural changes in foods are a result of oxidation of proteins when they come in 
contact with reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Segat et 
al. 2015). DBD plasma with air as the gas source has a potential to modify granule 
morphology, crystalline and molecular structures and rheological properties of corn 
starch. Various studies have been conducted on different starch sources such as potato, 
maize, cassava, wheat and tapioca and depending on plasma treatment conditions it led to 
different modifications in the starch parameters. Bie et al. (2016) observed change in the 
surface of starch granules, decrease in degree of crystallinity, decrease in viscosity and 
increase in concentration of starch after cold plasma treatment.  These alterations are due 
to depolymerization and cross linking of side chains (Thirumdas et al. 2017). 
Cold plasma systems have also shown potential in enhancing polyphenol 
concentrations in fruit juices. Cold atmospheric plasma jet, compared to thermal 
treatments, with argon as gas source and a short treatment time proved to increase 
anthocyanin and phenolic acids contents in sour cherry Marasca juice (Garofulic et al. 
2015). The increase in polyphenol concentration in juice could be due to dissociation of 
small solid particles juice by reactive species in plasma. However, an increase in plasma 
treatment time (3 minutes to 5 minutes) led to degradation of phenolic compounds in 
cherry juice, but enhanced anthocyanin stability in pomegranate juice (Kovacevic et al. 
2016). Further, DBD plasma was shown to extend shelf life of freshly cut kiwi fruits by 
reducing browning without adverse effects on texture, antioxidant content and 
antioxidant activity during storage (Ramazzina et al. 2015). Hence, by adjusting the 
plasma treatment conditions according to the characteristics of the product, this 
technology has a potential to preserve the quality and extend shelf life of food products.  
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The antimicrobial efficacy of atmospheric non-thermal plasma treatment on 
various kinds of food products is well established. Some of the examples of microbial 
inactivation in fresh produce is summarized in the table below:  
 
 
 
Table 2.1: Examples of microbial inactivation in fresh produce by cold plasma treatment 
Plasma 
Source Gas Product 
Maximal Log 
Reduction 
Treatment 
time (min) Reference 
DBD 
PK-1 
Air, 
Oxygen Spinach E. coli ~ 3-5  
5  
Klockow 
and Keener 
2009 
DBD Air Radicchio leaves 
E. coli ~ 1.3 
Listeria ~ 2.2 
15  
30  
Pasquali et 
al. 2016 
Plasma 
jet 
Argon, 
Oxygen 
Corn salad 
leaves E. coli ~ 3-5 1  
Baier et al. 
2014 
Plasma 
jet Nitrogen 
Lettuce 
Strawberry 
Potato 
Salmonella ~ 2.72 
Salmonella ~ 1.76 
Salmonella ~ 0.94 
 
15  Fernandez et al. 2013 
 
As seen from the above Table 2.1, treatment times for different plasma systems 
can vary and it also depends on the product treated.  
2.5.1 Effect of cold plasma treatment on microbial inactivation  
Various studies have been carried out to evaluate the ability of cold plasma 
treatment in killing food borne pathogens including gram-negative, gram–positive and 
biofilm forming bacteria.  
 Liu et al. (2010) determined the efficacy of direct current, cold atmospheric 
pressure air plasma microjet in inactivation of Staphylococcus aureus suspended in 
aqueous solution. The study reported complete inactivation of S. aureus after 16 minutes 
of plasma treatment. As the treatment time increased from 10 minutes to 16 minutes the 
pH value decreased and remained steady at pH 4.5 at which point the inactivation rate 
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rapidly increased. This study also proved that acidity of the liquid solution and interaction 
of plasma activated species (radicals) resulting in peroxidation of fatty acid in the cell 
membrane was responsible for inactivation of S. aureus in aqueous suspension.   
 Decrease in microbial populations was observed for apples inoculated with E. coli 
O157:H7, cantaloupes inoculated with Salmonella and lettuce inoculated with L. 
monocytogenes when treated with a uniform glow discharge plasma (1 atm; Citzer et al. 
2007).  
 Cold plasma treatment can also be applied for decontamination of surfaces in food 
processing facilities. Biofilms are of concern to food processors and surface treatment 
with cold plasma can provide an easy solution to sterilize food manufacturing equipment.  
Biofilms produced by Bacillus subtilis spores on polycarbonate membranes supported by 
a layer of agar in a petri dish were inactivated by DBD with helium plasma plume (Deng 
et al. 2006). The reactive oxygen species (ROS) caused leakage of components from 
cytoplasm and complete rupture of the bacterial spore membrane. Apart from ROS, UV 
photons, electric field and charge particles had a minor contribution towards spore 
inactivation. The Figure 2.10 below shows a general mechanism of direct interaction of 
nonthermal discharges with biological systems (Dobrynin et al. 2009).  
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Figure 2.10: Plasma interaction with biological organisms (Dobrynin et al. 2009) 
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2.5.2 Effect of cold plasma treatment on quality of food 
The aim of any food processing technology is to impart palatability and prolong 
shelf life, while maintaining nutritional and organoleptic food qualities (Misra et al. 
2016).  
As discussed earlier, plasma ions catalyze oxidation and peroxidation processes 
inside the cell membrane of microorganisms. However, this oxidation by plasma species 
can also occur on any product that is subjected to plasma. Different concentrations of 
proteins, lipids, carbohydrates and water are present in food matrices and the interaction 
of these with plasma species results into complex reactions.  
Plasma based lipid oxidation is undesirable in food industries since the reactions 
can result in secondary oxidation products such as aldehydes and shorter chain fatty acyl 
compounds (Misra et al. 2016). However, this concept has been used to conduct research 
on accelerated shelf life testing. Accelerated shelf life test determines the prediction of 
possible formation such as off-flavors, lipid oxidation products and its impact on 
nutritional properties in a faster manner (Durme et al. 2014). The study conducted by 
Durme et al. (2014) reported that a short non-thermal plasma treatment time of vegetable 
oil lead to formation of several volatile lipid oxidation products that represent the 
products present in naturally deteriorated oils. Hence, plasma exposure is capable of 
accelerating lipid oxidation in a realistic manner.  
 One of the approaches to improve shelf life of food products is by inactivating 
specific enzymes thus avoiding formation of off-flavors and off-colors. Enzymes such as 
polyphenol oxidase and peroxidase catalyze browning reactions at cut surfaces. 
Peroxidase enzyme extracted from tomato was inactivated using DBD plasma (Pankaj et 
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al. 2013). Similarly, plasma processed air was capable on inactivating polyphenol oxidase 
and peroxidase enzymes thus causing complete prevention of browning in freshly cut and 
dried apples and potatoes for 19 days (Bubler et al. 2017). Surowsky et al. (2013) 
designed a model food system such that plasma species were the only components in 
contact with the enzymes treated. Cold atmospheric pressure plasma jet was able to 
inactivate peroxidase and polyphenol oxidase in the food model system. The loss of 
activity was associated with decrease in the amount of α-helices in both the enzymes.  
Atmospheric pressure plasma jet did not alter the aesthetic quality attributes such as color 
and photochemical efficiency of fresh cut lettuce treated for 1 minute (Smeu et al. 2012).  
While carrots and tomatoes treated with cold argon plasma needle showed insignificant 
change in color when treated for 0.5 to 10 minutes. Lettuce exhibited a change in color 
under same treatment conditions beyond 7 minutes (Bermudez-Aguirre et al. 2013). 
Another study reported reduction in lightness and redness and increase in yellowness 
after storage for 12 days in refrigerator when lettuce was treated with microwave 
powered nitrogen cold plasma (Song et al. 2015). No changes in the concentration of 
ascorbic acid, antioxidant activity and appearance scores were observed. DBD in-package 
cold plasma treatment of strawberries caused a significant reduction in aerobic 
mesophilic bacteria and yeast and mold count without any adverse changes in respiration 
rate, texture and color (Misra et al. 2014). In addition, use of plasma activated water to 
wash strawberries did not show deviations in firmness, color and pH after 4 days of 
storage (Ma et al. 2015). There was no significant effect on antioxidant activity of 
Radicchio leaves immediately after treatment with DBD cold plasma. However, storage 
of treated leaves for 3 days at 4oC induced a significant loss in freshness, color, odor, 
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texture and overall acceptability of the product (Pasquali et al. 2016). However, there are 
lack of sensory and shelf life studies carried out for plasma treated products and attention 
is needed in these areas. 
This study reports an early attempt to test the effect of dielectric barrier discharge 
(DBD) cold plasma treatment on microbial load, color values and cuticular quality of 
kale. The non-equilibrium atmospheric pressure pulsed dielectric barrier discharge with a 
single-dielectric layer in the inner electrode has not been tested on food products as yet.  
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Chapter 3: Materials and Methods 
3.1 Plant material 
Baby kale leaves (Simple Beginnings, MA, USA) were procured from a local 
supermarket and stored at 4oC until use. The samples were treated and analyzed within 
one week of storage.  
   
Figure 3.1: Baby kale leaves procured from local supermarket 
 
 
 
 
3.2 Sample Preparation and Inoculation  
3.2.1 Microbial strain and inoculum preparation 
Escherichia coli O157:H7 is a facultative gram negative food borne pathogen 
known to cause many outbreaks including spoilage of leafy vegetables. Rifampicin is an 
antibiotic that inhibits the function of RNA synthesis by causing mutations in the β 
subunit of RNA polymerase (Jin and Gross 1988). The use of rifampicin will allow 
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inhibition of other strains and will facilitate accurate detection of the pathogen (Ko et al. 
2015).  
E. coli O:157 H7, rifampicin resistant strain (ATCC #700728) was obtained from 
Department of Food Science and Technology, University of California at Davis.  
One loop full of the bacteria were cultured in 5 mL tryptic soy broth containing 
rifampicin antibiotic (concentration: 25 μL of 10 mg/mL). This solution was incubated 
overnight at 37oC thus allowing the E. coli culture to grow. The prepared culture was 
diluted in 1 mL phosphate buffer saline (PBS) to obtain a concentration of 108 CFU/mL. 
The standard procedure involved to continue adding the culture to PBS unless the 
turbidity of solution matches to that of McFarland standard (latex particles) obtained 
from Hardy diagnostics, USA. In this research experiments, 75 μL of E. coli culture was 
added to 1 mL PBS thus visually resembling turbidity of McFarland standard.  
3.2.2 Determining initial broth concentration  
To determine the initial broth concentration and microbial recovery of the leaves, 
an experiment was conducted starting with the broth concentrations of 106, 107, 108 
CFU/mL.  
Modified method of Mansur and Deog (2015) was followed for preparing samples and 
inoculating the cultures. Prior to inoculation, baby kale leaves were placed in petri dishes 
(one leaf in each petri dish) in a laminar flow hood and treated with UV light to destroy 
the natural microflora. The UV treatment time was 25 minutes for each side of the leaf.  
From each broth (106, 107 and 108), 0.01 mL of solution was spot inoculated on 4 
locations (covering the center of the leaf) of the UV treated leaves. The samples were air 
dried for 30 minutes under laminar flow hood followed by storage in the refrigerator for 
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24 hours to allow bacterial attachment. The leaves were kept covered in a petri dish (10 
cm) during storage. Without any further treatments, the leaves were placed in a 
stomacher bag (4 mL, 7 x 12 inches, LabPlas, Hardy Diagnostics, USA) containing 5 mL 
peptone (0.1 % w/v). The solution was pummeled using a stomacher (Stomacher 80 
Biomaster; Seward, UK) for 2 minutes at high speed (300 rpm ± 5%). A solution of 100 
μL from each of these bags were spread plated on Tryptic Soy Agar (TSA) plates. Before 
spread plating, each of the TSA plate was plated with rifampicin-dimethyl sulfoxide 
(DMSO) solution (rifampicin concentration: 50 μg/mL) and allowed to dry for 24 hours 
in refrigerator away from light (rifampicin is light sensitive). Triplicates were performed 
in each case. For broth concentration of 106 CFU/mL, 4 x 104 colonies were spread plated 
approximately. The plates were incubated at 37oC for 18 hours and colonies were counted 
using a colony counter. A duplicate spread plating was performed directly on the plate 
using the broth concentration that gave countable colonies. This step did not involve any 
leaves. Finally, the broth concentration that provided countable colonies was used for 
further analysis. The spot inoculation procedure was repeated for fresh leaves as 
mentioned above and was followed by cold plasma mist and tap water mist treatments. 
 
3.3 Non-equilibrium atmospheric pressure pulsed dielectric barrier discharge 
(DBD) cold plasma system set up   
A non-equilibrium atmospheric pressure pulsed dielectric barrier discharge 
system was used as described by Patel et al. (2017). For our specific case, we have 
designed a single-dielectric cylindrical DBD system with the inner electrode covered by 
quartz dielectric (Figure 3.2).  
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Figure 3.2: Basic configuration of single DBD used in our thesis  
 
 
 
 
The inner electrode was copper rod provided with a high voltage supply while the 
outer electrode was a thick stainless steel pipe. The stainless steel pipe was grounded. 
The dielectric material (quartz) of 1 mm thickness was placed on the inner electrode. A 
basic configuration of this can be seen in Figure 3.3.  
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             (a)                     (b) 
Figure 3.3: Dielectric Barrier Discharge Electrode (Patel et al. 2017) 
 
 
 
 
 Teflon spacers were used between the two electrodes thus allowing high voltage 
to pass through the humidified air and break it into plasma. Mist was produced using 4 
nebulizers placed in a container and heated the water to boiling with the assistance of 
autotransformer.  
 
Figure 3.4: Mist produced in the jar  
Mist	flowing	in	the	
electrode	
Airflow	input	
tube		
Ice	bath	
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Throughout our experiments leaf surface temperature did not exceed 31oC, except 
for 600s treatment time when temperature was 37oC. 
 
 
 
Table 3.1: Cold plasma treatment parameters   
Parameters Values 
Distance between electrode and kale 25.4 mm  
Distance between two electrodes 1.5 mm 
Thickness of outer electrode 3 mm 
Thickness of inner electrode 3 mm 
Flow rate of mist 4 Standard Liters Per Minute (SLPM) 
Pulses 2 µs width 
Frequency 2500 Hz  
Voltage 26 kV 
Nebulizers 4 
 
3.3.1 Activation of plasma  
The mist box was filled with tap water at a level below the airflow input tube 
which is connected to the mass flow controller. The mist box was kept in ice bath to 
prevent increase in temperature (Figure 3.4). The output tube from the mist box was 
connected to the inlet of the electrode.  
Electrodes were connected to the respective power supply (Figure 3.5). 
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Figure 3.5: Electrodes are connected to the power supply 
 
 
 
 
In order to produce plasma, the high voltage switch was turned on and a laser was 
used to validate generation of plasma from the electrode (Figure 3.6). Only mist without 
plasma was used as a control treatment and was called ‘tap water mist’. The electrode 
power supply (high voltage supply) was kept off while treating the leaves with tap water 
mist. The ‘plasma mist’ for treatment of the leaves and ‘tap water mist’ as a control will 
be used as terminologies in this thesis. For color and FTIR analysis untreated leaf was 
also used as an additional control.  
Outer electrode 
Grounded-	Outer	electrode		
High	voltage	supply-inner	electrode		
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Figure 3.6: Laser used to observe plasma mist 
  
 
 
 
3.3.2 Treatment of samples  
The treatment of baby kale leaves with plasma was carried by placing a leaf in a 
petri dish and placing the petri dish under the electrode (at 25.4 mm distance) in such a 
way that the center of the leaf is right below the electrode. Three replications of each 
treatment time were performed. For each treatment time, there were alternating 
treatments of plasma mist and tap water mist. Before placing every leaf under the 
electrode, the mist was allowed to run for 30 seconds to avoid any contact of plasma 
species that could be resting in the electrode with the tap water mist.  
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Table 3.2: Experimental design   
 
3.4 Microbial analysis 
The leaves were treated under plasma and tap water mist for 60s, 120s, 180s, 240s 
and 300s. Some of the inoculated leaves were also kept untreated. Each of these treated 
and untreated leaves were placed in a sterile stomacher bag (7x12 inches) (Hardy 
Diagnostics, USA) containing 5 mL of 0.1% (w/v) peptone water. The bag was then 
blended using a stomacher (Stomacher 80 Biomaster; Seward, UK) for 2 minutes at high 
speed (300 rpm ± 5%). A solution of 100 μL from each bag was spread plated on tryptic 
soy agar (TSA) plates. Before spread plating, each of the TSA plate was plated with 
rifampicin- dimethyl sulfoxide (DMSO) solution and allowed to dry for 24 hours in 
refrigerator away from light (rifampicin is light sensitive). After spread plating, the plates 
were incubated at 37oC for 18 hours. The colonies in each plate were counted using a 
colony counter and reported as Colony Forming Units (CFU).  
 
 
Levels
Treatment type 3 (Plasma, Tap water, untreated)
Treatment time 5 (60s, 120s, 180s, 240s, 300s)
Microbial load 1 (E. coli O157:H7)
Color analysis 2 (Cut leaves, Whole leaf)
Cuticle analysis 1 (Whole leaf) 
Independent 
Variables
Dependent 
Variables 
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3.5 Color analysis 
The color differences perceptible by human eye are detectible by CIELAB system 
and therefore this color index was used. Color (CIE L∗, a∗, b∗) of baby kale leaves was 
measured using a Minolta chroma meter CR-300 (Minolta Inc., Osaka, Japan). The 
chroma meter consists of a measuring head and a data processor. The measuring head has 
an 8 mm-diameter measuring area and uses diffuse illumination and 0° viewing angle for 
measurements. Light source used for experiments was D65 with a 2° standard observer. 
Each time the system was turned on, it was standardized with a white calibration plate 
(CR-A43) (Sekhon et al. 2015).  The chroma meter was placed on the leaf and L∗, a∗, 
and b∗ values were measured. The number of locations on the leaf considered will be 
discussed below. These L∗, a∗, and b∗ values were further used to calculate hue angle 
(Nunes & Emond, 1998), chroma (Cantwell & Reid, 1993), and browning index 
(Maskan, 2001) using Equations.  (1), (2), (3); (4). 
Hue angle = tan-1(b*/a*)        (1) 
Chroma =	 𝑎∗$ +	𝑏∗$       (2) 
x= '∗	().+,	-∗,../,	-∗	('∗	01.2)$	3∗        (3)  
BI = )22	(502.1))2.)+         (4) 
The lightness index scale (L*) ranges from 0 (black) to 100 (white). Degree of 
redness is measured by positive a* value and degree of greenness by negative a* value. 
Similarly, degree of yellowness is measured by positive b* value and negative b* denotes 
measurement of blueness. Chroma is the degree of saturation of the perceived color. Hue 
angle is used to specify the color of the food products such as an angle of 0 to 360 ̊ 
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represents red hue, and angles 90 ̊, 180 ̊, and 270 ̊ indicate yellow, green, and blue 
hues, respectively. Browning index (BI) indicates purity of brown color.  
Color analysis was performed on the following: 
a. Cut leaves: The leaves were cut into three segments from the center as shown in the 
Figure 3.7. Each cut segment was treated with either plasma mist (right portion), tap 
water mist (left portion) or kept untreated (top portion) for 60s, 120s, 180s, 240s and 
300s. Duplicates were performed for each type of treatment and at each treatment time. 
Three readings were obtained from the edge (that contributes center of the leaf) of each 
portion and the average was calculated. The Figure 3.7 below demonstrates the area 
considered for color measurements. 
 
 
Figure 3.7: Cut segments of baby kale leaf  
 
 
Plasma	
treatment		
Region	of	color	
values	
recorded		
Tap	water	
treatment	
Untreated	
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b. Whole leaves: Whole leaves were treated either with plasma mist, tap water mist or 
kept untreated for 120s, 180s, 240s and 300s. Triplicates were performed for each type of 
treatment and at each treatment time. Color values of entire leaf were measured. Three 
color readings were recorded from the center of the leaves, while six color readings were 
recorded for the entire leaf (including three from the center).  
c. Storage study: Color values of 10 untreated (fresh) whole leaves were noted on Day 0. 
On the same day, the whole leaves were treated with plasma mist and tap water mist for 
60s, 120s, 180s, 240s and 300s. Triplicates were performed for both the type of 
treatments and at each treatment time. The treated leaves and fresh untreated leaves (new 
10 leaves) were wrapped in a paper towel, placed in a ziploc and stored in the refrigerator 
at 1-4oC for 12 days. Each Ziploc contained 3 leaves. At the end of storage, the color 
values (L*, a*, b*)were recorded for all the leaves to analyze the changes in the color of 
leaves between the treatment types.  
3.6 Moisture content analysis  
Aluminum tins were placed in a forced air oven at 65oC for 24 hours followed by 
placing them in the desiccator for 10-15 minutes. The weights of the tins were recorded. 
After respective treatments, 0.5-1g of leaf was placed in the tins and the weights were 
recorded (Initial weight). The tins were then placed in the oven at 65oC for 16 hours and 
the ‘final weight’ was recorded. Duplicates were performed for this analysis. Moisture 
content was determine using the following formula:  
Average % moisture content (wet basis) = 789:9';	<=9>?:0@98';	<=9>?:789:9';	<=9>?: ×100  
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3.7 Cuticle analysis 
Fourier transform infrared (FTIR) spectroscopy was used to determine changes in 
the components present in the cuticles of baby kale leaves. Whole leaves were treated for 
240s with tap water mist and plasma mist. One leaf was also dipped in 5 mL sulfuric acid 
(0.1 N) for 10 minutes in order to cause a cuticular damage to observe the changes in FT-
IR graphs. FTIR parameters for cuticle analysis were considered from methods described 
by Villena et al. (1999) and Merk et al. (1997). After treatment, the leaves were 
immediately placed on top of ATR (attenuated total reflection) crystal of Nicolet 8700 
(Thermo Scientific, WI, USA) (Figure 3.8). The spectra were recorded with a resolution 
of 4 cm-1. 40 scans were accumulated for each sample. After analysis of each sample, the 
system ran a background of air to minimize the noise from oxygen and water. The 
readings were recorded in absorbance mode and the peaks were compared amongst the 
treatment types to observe any changes in the functional groups of cuticles due to 
different treatments.  
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Figure 3.8: Thermo Scientific Nicolet 8700 with attenuated total reflection (ATR) kit for 
solid and liquid samples 
 
 
 
 
3.8 Statistical analysis  
The data was analyzed using Analysis of Variance (ANOVA) in SAS. The means 
were compared using t-test and Duncan’s test at p<0.05, level of significance. 
L, a, b, hue angle, chroma and browning index were analyzed by randomized complete 
block design using PROC GLM and t-test in SAS 9.4 (SAS Institute, 2015, Version SAS. 
Cary, NC, USA). 
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Chapter 4: Results and Discussion 
4.1 Effect of non-equilibrium atmospheric pressure pulsed dielectric barrier 
discharge (DBD) cold plasma treatment on color values of baby kale leaves  
Color values of both cut leaves and whole leaves were analyzed. Our hypothesis 
was that increase in plasma treatment time may cause increase in browning of the leaf. 
This is because reaction of oxygen species with compounds present on the leaf can lead 
to formation of peroxidation products thus changing color of the leaf. Cut leaves and 
whole leaves were considered separately for color analysis to observe how plasma 
treatment affects differently to cut and whole leaves. The color values of baby kale leaves 
treated at different times were recorded. Comparisons were made amongst the treatment 
times and amongst different treatment type. Treated whole leaves were stored for 12 days 
in refrigerator and color values were recorded after storage to determine color stability of 
plasma treated leaves. Cuticle analysis was conducted on leaf treated at 240s. At this 
treatment time, there was almost complete inactivation of E. coli and hence was chosen 
as the treatment time for cuticle analysis. The Fourier Transform Infrared (FTIR) 
spectroscopy graphs of untreated leaf and leaves treated with plasma mist, tap water mist 
and sulfuric acid are presented. At anytime during the experiment the electrode 
temperature was < 40C.  
4.1.1 Effect of DBD cold plasma treatment on color of cut leaves  
The difference in hue angle and a* values was not significant between treatment 
types (tap water mist, plasma mist and untreated) within each treatment time (Table 4.1). 
This was also true for b* and chroma values, except at 300s where the values of plasma 
treated leaves are statistically different from tap water treated and untreated leaves. At 
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each treatment time, browning index values of plasma treated leaf was either equal or less 
than that of tap water treated or untreated leaf. However, it is important to note that each 
leaf is a biological sample and color values may be different for two leaves from the same 
batch of produce. Therefore, it is difficult to compare two different leaves subjected to 
different treatment times. Hence, cut leaves were used to compare the effect of various 
treatments at each time. A significant difference in lightness (L*) values between plasma 
treated, tap water treated and untreated leaf at 60s, 120s and 180s was not observed 
(Table 4.1). At 240s the lightness (L*) values of untreated leaves were statistically 
different from that of plasma and tap water treated leaves at same time. At 300s, the 
differences in values of lightness (L*), greenness (a*) and browning index of all the three 
treatments were statistically insignificant. Therefore, plasma treatment at 300s does not 
negatively affect the color values of cut leaves. These results contradict our hypothesis of 
leaf browning. Hence, kale leaves can be treated with cold plasma treatment without 
change in color values for 300s compared to control samples (tap water and untreated 
leaves). One reason could be that plasma inactivates oxidative enzymes such as 
polyphenol oxidase and peroxidase involved in enzymatic browning reactions (Surowsky 
et al. 2013, Simoes et al. 2014). Inactivation of these enzymes by plasma mist may delay 
browning of cut baby kale leaves.   
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Table 4.1: Effect of treatment type (plasma, tap water or untreated) on color values of 
center portion of cut baby kale leaves 
 
The leaves were cut into three segments from the center as shown in the Figure 4.1. Three readings were 
obtained from the edge (that contributes center of the leaf) of each segment and the average was recorded. 
Duplicates were performed at each treatment time and for each treatment type.  
Color values (L*, a*, b*, chroma, hue angle and BI) with different letters (A, B) within each treatment 
(plasma, tap water and no treatment) time are statistically significant (at 0.05 probability level).  
L*= Lightness, a*= +ve redness and –ve greenness, b*= +ve yellowness and –ve blueness, BI=Browning 
index. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Time(s) Treatment L* a* (-ve) b* Chroma Hue angle BI
Plasma 40.6±0.5a 13.3±0.2a 19.9±0.3a 23.9±0.4a 179.0±0.0a 35.8±0.6a
Tap Water 39.8±1.1a 14.2±0.3a 20.9±0.6a 25.3±0.7a 179.0±0.0a 40.6±3.2a
No Treatment 40.8±1.5a 13.1±0.1a 19.7±0.3a 23.7±0.2a 179.0±0.0a 34.9±1.0a
Plasma 42.2±0.9a 12.3±0.2a 20.5±0.4a 24.0±0.4a 178.9±0.0a 38.8±1.1a
Tap Water 42.2±0.9a 12.3±0.2a 20.5±0.4a 24.0±0.4a 178.9±0.0a 38.8±1.1a
No Treatment 41.9±0.5a 13.4±0.1a 21.7±0.4a 25.5±0.4a 178.9±0.0a 41.6±1.6a
Plasma 39.4±0.8a 11.6±0.1a 19.5±0.2a 22.8±0.2a 178.9±0.0a 39.6±1.1a
Tap Water 39.4±0.8a 11.6±0.1a 19.5±0.2a 22.8±0.2a 178.9±0.0a 39.6±1.1a
No Treatment 40.4±0.3a 13.7±0.2a 21.9±0.4a 25.9±0.5a 178.9±0.0a 44.5±2.1a
Plasma 37.2±0.8b 11.8±0.3a 17.4±0.4a 21.1±0.6a 179.0±0.0a 33.2±0.5a
Tap Water 38.4±0.1b 14.0±0.1a 20.5±0.2a 24.9±0.2a 179.0±0.0a 40.9±0.8a
No Treatment 40.9±1.4a 12.5±0.5a 19.2±0.6a 22.9±0.8a 179.0±0.0a 34.7±2.5a
Plasma 39.3±0.4a 12.0±0.2a 17.7±0.3b 21.4±0.4b 179.0±0.0a 31.0±1.0a
Tap Water 39.4±0.4a 13.7±0.1a 19.0±0.2a 23.4±0.3a 179.0±0.0a 32.6±1.3a
No Treatment 40.1±0.2a 13.4±0.1a 19.0±0.3a 23.2±0.3a 179.0±0.0a 32.3±1.1a
60
120
180
240
300
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Figure 4.1: Cut segments of the leaf. The region encircled represents the area for color 
readings recorded.  
 
 
 
 
4.1.2 Effect of various plasma treatment times on color values of cut leaves  
In the Table 4.2 below, the browning index (BI) of plasma treated leaf increased 
with plasma treatment time until 180s and then decreased with further increase in 
Plasma	
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Region	of	color	
values	
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Tap	
water	
treatmen
t	
Untreated	
	 	 46	
treatment times. The lightness (L*) values were closely related at different treatment 
times except the one at 240s. Although BI value increased from 60s to 180s (Figure 4.2), 
the values were less compared to tap water treated and untreated leaves at the same time 
in Table 4.1.   
 
 
 
Table 4.2: Effect of plasma treatment time on color values of center portion of cold 
plasma treated cut baby kale leaves 
 
Leaves were cut in three segments as seen in Figure 4.1. One of the segments was treated in duplicates 
with plasma mist for different treatment times. Color values with different letters (A, B) within each 
column are statistically significant (at 0.05 probability level). L*= Lightness, a*= +ve redness and –ve 
greenness, b*= +ve yellowness and –ve blueness, BI=Browning index. 
 
 
 
 
 
Figure 4.2: Effect of plasma treatment time on browning index (BI) of cut baby kale 
leaves  
 
 
 
 
 Due to the non-linearity of the values, it cannot be concluded that BI values of cut 
baby kale leaves increased with increase in plasma treatment time.  
Time(s) L* a* (-ve) b* Chroma Hue angle BI
60 40.6±0.5a 13.3±0.2b 19.9±0.3a 23.9±0.4a 179.0±0.0a 35.8±0.6a
120 42.2±0.9a 12.3±0.2ab 20.5±0.4a 24.0±0.4a 178.9±0.0a 38.8±1.1a
180 39.4±0.8a 11.6±0.1a 19.5±0.2a 22.8±0.2a 178.9±0.0a 39.6±1.1a
240 37.2±0.8b 11.8±0.3a 17.4±0.4a 21.1±0.6a 179.0±0.0a 33.2±0.5a
300 39.3±0.4a 12.0±0.2a 17.7±0.3b 21.4±0.4b 179.0±0.0a 31.0±1.0a
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4.1.3 Effect of DBD cold plasma treatment on color values of whole leaves  
As it can be seen in Table 4.3, browning index (BI) values of plasma treated 
whole leaves increased with increase in the treatment time. There was a decrease in BI 
value at 240s but the lightness (L*) value of plasma treated leaf was higher at the same 
time. At 240s and 300s the lightness (L*) value of plasma treated leaves was higher than 
that of untreated and tap water treated leaves. At 300s, the BI of plasma treated leaves 
was elevated (Figure 4.3). The leaf at 300s had turned lighter (Figure 4.3(d)). Negative 
a* value of plasma treated leaves at 300s was higher than the controls (tap water treated 
and untreated leaves), thus it was more red and less green. Hue angle, chroma and b* 
values did not exhibit a linear pattern and the values were closely related throughout each 
column. In addition, the difference between color values of different treatments within 
each treatment time was insignificant, except a* value of untreated leaf was significantly 
different from plasma treated leaf at 180s. Hence, overall cold plasma treatment did not 
significantly affect color of whole leaves even at higher treatment time (300s). But, after 
300s extreme bleaching was observed (Figure 4.5).  
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Table 4.3: Effect of treatment type (plasma, tap water or untreated) on color values of 
entire portion of whole baby kale leaves 
 
Six readings were recorded for each leaf covering the entire leaf. Triplicates were performed at each 
treatment time and for each treatment type. Color values (L*, a*, b*, chroma, hue angle and BI) with 
different letters (A, B) within each treatment (plasma, tap water and no treatment) time are statistically 
significant (at 0.05 probability level). L*= Lightness, a*= +ve redness and –ve greenness, b*= +ve 
yellowness and –ve blueness, BI=Browning index 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Time  (s) Treatment L* a* (-ve) b* Chroma Hue angle BI
Plasma 43.6±1.1a 15.3±0.3a 22.8±0.8a 27.6±0.8a 179.0±0.0a 39.0±2.3a
Tap water 44.2±1.2a 15.2±0.3a 23.3±0.7a 27.9±0.7a 179.0±0.0a 40.2±1.2a
No treatment 45.5±1.3a 15.4±0.3a 24.7±1.3a 29.3±1.0a 179.0±0.0a 43.8±3.5a
Plasma 45.7±1.6a 15.3±0.3a 24.1±0.9a 28.7±0.8a 179.0±0.0a 41.4±2.5a
Tap water 45.0±1.3a 15.9±0.3ab 24.6±0.7a 29.4±0.7a 179.0±0.0a 42.8±1.8a
No treatment 46.9±1.2a 17.0±0.2b 27.6±0.7a 32.5±0.6a 178.9±0.0a 50.1±1.8a
Plasma 46.0±1.3a 15.3±0.2a 23.9±0.7a 28.5±0.6a 179.0±0.0a 39.8±1.7a
Tap water 45.8±1.3a 13.8±2.0a 25.5±1.0a 30.1±0.8a 179.1±0.1a 48.5±5.0a
No treatment 43.4±1.0a 15.5±0.3a 23.4±0.7a 28.2±0.7a 179.0±0.0a 41.5±1.4a
Plasma 47.0±1.1a 14.5±0.6a 25.9±0.8a 29.8±0.8a 178.9±0.0a 48.3±2.2a
Tap water 45.1±1.0a 16.4±0.2a 25.2±0.7a 30.1±0.7a 179.0±0.0a 44.1±1.9a
No treatment 43.4±0.9a 15.0±0.2a 22.2±0.6a 26.8±0.6a 179.0±0.0a 37.5±1.5a
120
180
240
300
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120s Plasma treated leaf           180s Plasma treated leaf 
        (a)              (b) 
 
 
240s Plasma treated leaf   300s Plasma treated leaf;  
      (c)         change in color towards the center 
               (d) 
  
Figure 4.3: Effect of plasma treatment time (a) 120s (b) 180s (c) 240s (d) 300s on baby 
kale whole leaves.  
 
 
 
 
Three leaves were treated under plasma mist until visual browning or damage was 
observed. All three leaves exhibited initial browning for 600s plasma treatment (Figure 
4.4), while control leaves treated with tap water mist for 600s showed no sign of 
browning or damage.  
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(a)     (b)     (c) 
Figure 4.4: Browning of leaves after treatment with cold plasma mist for 600s.  
Three pictures represent three different replications. 
 
 
 
 
The results from Table 4.3 and Figures 4.3 and 4.4, are in agreement with the 
hypothesis that browning index(BI) increased with increase in plasma treatment time. 
Browning may be because of oxidation products formed on the leaf. However, the 
difference in BI values between untreated leaves and leaves treated with plasma mist and 
tap water mist for 300s were insignificant. Hence, from the aesthetic quality perspective 
it can be concluded that this DBD cold plasma system can be used for 300s without major 
interferences with the color of baby kale whole leaves.  
4.1.3.1 Effect of DBD cold plasma treatment on color of center portion of whole leaf 
The region directly below the electrode received more mist compared to the other 
area (Figure 4.5). For each experiment, the leaves were arranged under the electrode 
such that the center of the leaf was directly below the electrode. Therefore, color values 
from center of each leaf were recorded. The trend in color readings of center portion was 
similar to that of color readings from whole leaf (Table 4.3). There was no significant 
difference observed between different plasma treatment times (Table 4.4). Therefore, 
DBD cold plasma treatment did not cause any major color changes in baby kale whole 
leaves in areas where the mist was highly concentrated. These results indicated that color 
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values measured from the center portion of the leaf may be used to represent the whole 
leaf between plasma treatment times of 0-300s because the change in color values was 
insignificant in this range.   
 
 
Table 4.4: Effect of treatment type (plasma, tap water or untreated) on color values of 
center portion of whole baby kale leaves   
 
Three readings were recorded from the center of each leaf. Triplicates were performed at each treatment 
time and for each treatment type. Color values (L*, a*, b*, chroma, hue angle and BI) with different letters 
(A, B) within each treatment (plasma, tap water and no treatment) time are statistically significant (at 0.05 
probability level). L*= Lightness, a*= +ve redness and –ve greenness, b*= +ve yellowness and –ve 
blueness, BI=Browning index 
 
 
 
Time (s) Treatment L* a* (-ve) b* Chroma Hue angle BI
Plasma 43.8±1.5a 15.0±0.3a 22.5±1.1a 27.1±0.9a 179.0±0.0a 38.3±3.1a
Tap water 44.9±2.1a 15.1±0.4a 23.4±0.9a 27.9±0.8a 179.0±0.0a 40.0±1.2a
No Treatment 46.7±2.6a 15.2±0.4a 26.0±1.4a 30.2±1.2a 178.9±0.0a 47.1±2.6a
Plasma 47.8±2.7a 15.2±0.4a 25.2±1.3a 29.6±1.1a 178.9±0.0a 42.6±1.7a
Tap water 45.9±2.5a 15.8±0.1a 24.8±1.4a 29.5±1.2a 179.0±0.0a 42.4±2.8a
No Treatment 47.3±2.3a 16.8±0.2a 27.5±0.8a 32.3±0.6a 178.9±0.0a 49.3±0.7a
Plasma 47.9±2.0a 15.3±0.3a 24.6±1.1a 29.1±1.0a 178.9±0.0a 40.4±2.0a
Tap water 47.0±2.2a 12.1±3.9a 26.5±1.7a 31.1±1.5a 179.2±0.2a 54.1±9.5a
No Treatment 44.0±2.0a 15.3±0.4a 23.3±1.0a 27.9±1.0a 179.0±0.0a 40.6±1.5a
Plasma 48.2±1.9a 13.7±0.6a 25.7±0.7a 29.3±0.5a 178.9±0.0a 47.0±2.6a
Tap water 45.4±1.9a 16.2±0.4a 25.3±1.3a 30.1±1.1a 179.0±0.0a 44.4±3.3a
No Treatment 44.1±1.7a 14.9±0.2a 22.5±0.8a 27.0±0.7a 179.0±0.0a 38.0±1.4a
120
180
240
300
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Figure 4.5: Mist is concentrated at the center of the leaf, leaf is being treated with plasma 
for more than 300s 
 
 
 
 
4.1.4 Storage study 
 Fresh whole baby kale leaves were treated with plasma mist and tap water mist 
for different treatment times (60, 120, 180, 240 and 300 s) on the same day. The treated 
leaves and fresh untreated leaves were stored in refrigerator (~4oC) for 12 days. The color 
values of only untreated leaves were recorded on Day 0 and color values for the leaves 
(treated and untreated) were recorded the end of storage, on Day 12. This section 
discusses the effect of plasma treatment time on color stability of leaves after storage.  
In the Table 4.5 below, tap water treated leaves at each treatment time showed 
higher values of browning index (BI), chroma, b*, and L* than that of plasma treated 
leaves. Hue angle values were similar throughout the column. a* values of tap water 
treated leaves are higher than plasma treated leaves except at 300s and 60s. The untreated 
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leaf showed a higher browning index than the leaf treated with plasma at highest 
treatment time of 300s. Based on the Table 4.5 and Figure 4.6 it was concluded that the 
plasma treated leaves can enhance the shelf life of the leaves in terms of color quality. 
The statistical analysis of this Table 4.5 was not performed in this thesis.  
When the average color values of all treatment times of plasma treated leaves were 
statistically compared with that of tap water treated leaves, BI, chroma, b* and L* were 
significantly different from each other. On the other hand, these parameters of plasma 
treated leaves were insignificant from untreated leaves.  
 
 
 
Table 4.5: Effect of treatment type (plasma, tap water or untreated) on color values of 
whole baby kale leaves stored in the refrigerator (1-4oC) for 12 days.  
 
Color values of 10 untreated leaves were recorded on Day 0. Leaves were treated with plasma mist and tap 
water mist at different treatment times on Day 0. Triplicates were performed for both type of treatments at 
each treatment time. Color values of stored untreated leaves (10) and treated leaves were recorded on Day 
12. Three readings from center portion of each leaf is recorded. Statistical analysis of this table is not 
conducted. L*= Lightness, a*= +ve redness and –ve greenness, b*= +ve yellowness and –ve blueness, 
BI=Browning index 
 
 
Time (s) Treatment L* a* (-ve) b* Chroma Hue Browning Index
Before 43.6±1.2 14.1±0.2 21.9±1.0 26.1±0.9 179.0±0.0 38.1±2.5
After 56.2±2.2 14.2±0.8 38.1±2.2 40.91±2.1 178.8±0.0 80.1±6.2
Plasma 50.4±1.6 13.1±0.7 30.4±2.0 33.4±1.8 178.8±0.0 62.7±7.1
Tap 54.1±2.6 12.4±1.2 37.5±2.4 39.8±2.2 178.7±0.0 86.3±5.7
Plasma 45.9±1.7 12.4±0.4 20.8±0.8 24.3±0.7 178.9±0.0 34.4±2.4
Tap 47.0±1.9 15.3±0.2 27.9±1.0 32.0±0.8 178.9±0.0 53.3±1.2
Plasma 48.0±1.4 12.8±0.7 25.2±0.9 28.4±0.9 178.9±0.0 48.6±2.6
Tap 56.1±2.6 16.4±1.1 39.4±1.1 42.8±1.2 178.8±0.0 82.9±5.7
Plasma 47.1±2.1 12.2±0.5 26.8±1.8 29.5±1.8 178.8±0.0 56.4±5.9
Tap 55.1±2.9 16.4±0.6 36.6±1.6 40.2±1.3 178.8±0.0 73.1±4.7
Plasma 47.3±1.0 13.2±0.4 24.0±0.4 27.5±0.5 178.9±0.0 43.3±1.4
Tap 62.7±2.7 11.1±1.9 47.6±2.3 49.1±2.2 178.6±0.03 109.0±8.0
180
240
300
0
60
120
	 	 54	
 
Figure 4.6: Comparison of browning index (BI) values of plasma and tap water treated 
baby kale leaves after storage in refrigerator for 12 days.  
 
 
 
 
4.1.4.1 Effect of various DBD cold plasma treatment times on whole leaves stored 
for 12 days in refrigerator: 
The Table 4.6 below showed a comparison of various treatment times of only 
plasma treated leaves stored for 12 days. The BI, chroma and b* values were statistically 
insignificant from 120s to 300s. Hue angle, L* and a* values were also statistically 
insignificant through all the treatment times. The BI, chroma and b* value at 120s were 
significantly different from 60s. Apart from this, all other treatment times for all the 
parameters were insignificant from each other. Therefore, increase in plasma treatment 
time did not negatively affect the storage stability of the leaves.   
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Table 4.6: Effect of plasma treatment time on color stability of cold plasma treated 
whole baby kale leaves stored in refrigerator (1-4oC) for 12 days.  
 
Leaves were treated with plasma mist at various treatment times on Day 0 and stored for 12 days in 
refrigerator. Triplicates were performed at each treatment time. Three readings from the center portion of 
the stored leaves were recorded on the 12th day. Color values with different letters (A, B) within each 
column are statistically significant (at 0.05 probability level).L*= Lightness, a*= +ve redness and –ve 
greenness, b*= +ve yellowness and –ve blueness, BI=Browning index. 
  
 
 
 
4.1.4.2 Comparison of color of plasma treated leaves stored for 12 days with 
untreated leaves at Day 0 
The BI, chroma, L* and b* values of plasma treated leaves at all times except the one at 
60s were insignificant from that of the untreated leaves (Table 4.7). Hue angle of plasma 
treated leaves at 120s, 180s and 300s were insignificant from the untreated leaves. a* 
values at all treatment times did not show a statistical difference. Therefore, considering 
color value of plasma treated leaves at 60s as an outlier, it was concluded that the color 
value of untreated leaf at Day 0 is insignificant from plasma treated leaf at Day 12 even 
after increasing the plasma treatment time.  
 
 
 
 
 
 
 
 
 
 
Time L* a* (-ve) b* Chroma Hue BI
60 50.4±1.6a 13.1±0.7a 30.4±2.0a 33.4±1.8a 178.8±0.0a 62.7±7.1a
120 45.9±1.7a 12.4±0.4a 20.8±0.8b 24.3±0.7b 178.9±0.0a 34.4±2.4b
180 48.0±1.4a 12.8±0.7a 25.2±0.9ab 28.4±0.9ab 178.9±0.0a 48.6±2.6ab
240 47.1±2.1a 12.2±0.5a 26.8±1.8ab 29.5±1.8ab 178.8±0.0a 56.4±5.9ab
300 47.3±1.0a 13.2±0.4a 24.0±0.4ab 27.5±0.5ab 178.9±0.0a 43.3±1.4ab
	 	 56	
Table 4.7: Comparison of color values of plasma treated leaves stored for 12 days with 
untreated leaves at Day 0 
 
Color values of 10 untreated leaves were recorded on Day 0 from the center portion of the leaf. Leaves 
were treated with plasma mist at various treatment times on Day 0 and stored for 12 days in refrigerator. 
Triplicates were performed at each treatment time. Three readings from the center portion of the stored 
leaves were recorded on the 12th day.  Color values with different letters (A, B) within each column are 
statistically significant (at 0.05 probability level). L*= Lightness, a*= +ve redness and –ve greenness, b*= 
+ve yellowness and –ve blueness, BI=Browning index 
 
 
 
 
4.2 Effect of non-equilibrium atmospheric pressure pulsed dielectric barrier 
discharge (DBD) cold plasma treatment on moisture content of baby kale leaves 
The moisture content of plasma treated leaves at a treatment time of 240s was less 
than that of tap water and untreated leaves (Table 4.8). As seen from Table 4.3, lightness 
(L*) value of plasma treated leaves at 240s was higher than the untreated and tap water 
treated leaves at the same treatment time. This indicated that the leaves became dry as the 
plasma treatment time increased, thus changing the color of the leaf. However, the above 
values were based on only two replications and moisture content needs to be determined 
at different treatment times. Further studies need to be conducted on relation of moisture 
content with color or baby kale leaves.  
 
 
 
 
 
 
 
Treatment Time L* a* (-ve) b* Chroma Hue BI
Untreated 0 42.9±0.4b 14.1±0.8a 21.3±1.5b 25.6±1.7b 179.0±0.0a 36.7±3.6b
60 50.4±1.6a 13.1±0.7a 30.4±2.0a 33.4±1.8a 178.8±0.0b 62.7±7.1a
120 45.9±1.7ab 12.4±0.4a 20.8±0.8b 24.3±0.7b 178.9±0.0a 34.4±2.4b
180 48.0±1.4ab 12.8±0.7a 25.2±0.9ab 28.4±0.9ab 178.9±0.0ab 48.6±2.6ab
240 47.1±2.1ab 12.2±0.5a 26.8±1.8ab 29.5±1.8ab 178.8±0.0b 56.4±5.9ab
300 47.3±1.0ab 13.2±0.4a 24.0±0.4ab 27.5±0.5ab 178.9±0.0a 43.3±1.4ab
Plasma 
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Table 4.8: Moisture content (wet basis) of treated and untreated baby kale leaves  
 
Duplicates were performed for each treatment at 240s 
 
 
 
 
4.3 Effect of non-equilibrium atmospheric pressure pulsed dielectric barrier 
discharge (DBD) cold plasma treatment on E. coli inoculated on baby kale leaves 
4.3.1 To determine the initial broth concentration  
Broth concentration of 106 gave countable number of colonies with a lower 
standard error as compared to that of 107 (Table 4.9).  
 
 
 
 
Table 4.9: To determine the broth concentration (CFU/mL) for recovery of countable 
colonies from baby kale leaves inoculated with E. coli  
Broth Concentration 
(CFU/mL) 
Average CFU/mL 
106 4.1x103±512.6 
107 8.0x103±1004.3 
108 TNTC 
Triplicates were performed for each broth concentration  
 
 
 
 
The colonies were not countable at a higher broth concentration as seen in Figure 4.7 
below:  
Treatment Average Moisture content (% wet basis)
Untreated 30.8±0.4
Tap water 31.0±0.3
Plasma 25.7±5.6
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Figure 4.7: Enormous colonies at higher broth concentrations (108 CFU/mL).   
 
 
 
 
Table 4.10: To determine the maximum recovery of countable colonies when broth 
concentration of 106 CFU/mL was inoculated on Tryptic Soy Agar (TSA) plates    
Broth Conc. 
(CFU/mL) 
Average 
CFU/mL 
106 5.2x103±295 
Duplicates were performed.  
 
 
 
 
As observed from Tables 4.9 and 4.10, the recovery from the untreated leaves can be 
anywhere between 370 to 550 CFU (3.7x103 to 5.5x103 CFU/mL).  
4.3.2 Effect of DBD cold plasma treatment on microbial load in Kale  
As observed in the Tables 4.11 and 4.12 below, the number of colonies for 
plasma treated leaves decreased as the treatment time increased. Plasma treatment at 240s 
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exhibited almost negligible number of colonies and a 300s plasma treatment inhibited any 
growth of E. coli. The microbial growth for tap water treatment was not linear with the 
treatment time but was higher than that of plasma treated leaves for each treatment time 
(Table 4.11). Hence, DBD cold plasma treatment at 240s and 300s can be used to 
decontaminate E. coli in baby kale whole leaves. Therefore, just like other cold plasma 
systems, this system can also be used to inactivate microorganisms in baby kale leaves 
and make the product safer to consume.  
 
 
 
Table 4.11: Effect of treatment type on microbial load (E. coli) in baby kale  
Time 
(s) 
Average CFU/mL 
Plasma Tap Water 
60 3.3x102±330 7.6x102±358 
120 1.4x102±147 1.3x102±855 
180 0.4x102±43 5.0x102±386 
240 0.03x102±3 5.7x102±272 
300 0.0±0.0 8.9x102±837 
Initial broth concentration was 106 CFU/mL. Triplicates were performed at each treatment time and for 
each treatment type.  
 
 
 
 
As observed from Tables 4.9 and 4.10, the recovery from the untreated leaves can be 
anywhere between 370 to 550 CFU (3.7x103 to 5.5x103 CFU/mL).  
4.3.3 Effect of various DBD cold plasma treatment times on microbial load in baby 
kale leaves 
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The treatment times from 120s to 300s were insignificant from each other (Table 
4.12). Hence, plasma mist had the potential to kill microorganisms even at lower 
treatment times. More number of trials with narrow range of treatment times needs to be 
performed using this system to confirm the correct treatment time of inactivation.  
 
 
 
Table 4.12: Effect of various plasma treatment times on whole baby kale leaves 
inoculated with E. coli (106 CFU/mL) 
Time (s) Average CFU/mL 
60 3.3x102±330a 
120 1.4x102±147ab 
180 0.4x102±43ab 
240 0.03x102±3b 
300 0.0±0.0b 
Triplicates were performed at each treatment time. The initial broth concentration was 106 CFU/mL. 
Values with different letters (A, B) are statistically significant (at 0.05 probability level).   
 
 
 
 
4.4 Effect of non-equilibrium atmospheric pressure pulsed dielectric barrier 
discharge (DBD) cold plasma treatment on cuticle of baby kale leaves 
Our hypothesis was, due to bombardment of reactive species from plasma mist on 
the leaf, the uppermost layer cuticle will be affected. The major changes will be seen in 
alcohols, aldehydes, ketones and esters since they are present in cuticle. Hence our focus 
was on wavelength regions of 900-1800 cm-1. In the Figure 4.9, at 957 cm-1 the peak 
height of plasma treated leaf cuticle was slightly higher than other peaks, indicating that 
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plasma had affected alcohol groups. However, a second replication (Figure 4.10) did not 
show that effect.  
In all the figures below (Figure 4.8-4.11), the peak heights on untreated leaf 
cuticle were higher than that of leaves treated with plasma, tap water and sulfuric acid. 
This contradicted our hypothesis and there can be some other parameter maybe moisture 
involved in the treatments responsible in changing the properties of leaf cuticle. Sulfuric 
acid treatment lead to extreme browning of the leaf but the difference was not seen 
Fourier transform infrared spectroscopy (FTIR) analysis since all the treatments were 
producing almost similar graphs. Therefore, further analysis needs to be carried out for 
FTIR. Extracting the cuticular membrane from the leaf and then analyzing under FTIR 
can be one of the solutions.  
Plasma mist did cause changes in the functional groups but it is difficult to conclude in 
this thesis about the extent of change.   
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Figure 4.8: Fourier transform infrared spectroscopy (FTIR) analysis of untreated leaf, 
plasma mist treated leaf (240s), tap water treated leaf (240s) and sulfuric acid treated leaf 
(600s)  
 
 
 
 
 
Figure 4.9: Fourier transform infrared spectroscopy (FTIR) analysis (900-1400 cm-1) of 
untreated leaf, plasma mist treated leaf (240s), tap water treated leaf (240s) and sulfuric 
acid treated leaf (600s)  
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Figure 4.10: Fourier transform infrared spectroscopy (FTIR) analysis (900-1400 cm-1) of 
untreated leaf, plasma mist treated leaf (240s), tap water treated leaf (240s) and sulfuric 
acid treated leaf (600s). A new replication is performed for plasma and tap water 
treatments, while the graphs for untreated and sulfuric acid treatments remain the same 
throughout.  
 
 
 
 
 
Figure 4.11: Fourier transform infrared spectroscopy (FTIR) analysis (1400-1800 cm-1) 
of untreated leaf, plasma mist treated leaf (240s), tap water treated leaf (240s) and 
sulfuric acid treated leaf (600s)  
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Chapter 5: Conclusion and Future Research 
 
Food industry is transforming from thermal technologies to non-thermal 
treatments for improving the quality and shelf life of food commodities. The goal of the 
current research was to determine the effect of newly developed DBD cold plasma 
system on the quality and microbial load in baby kale leaves. Original hypothesis was 
that DBD cold plasma system will inactivate microorganisms without affecting the 
aesthetic quality of the leaf. Complete inactivation of E. coli was achieved when leaves 
were treated with plasma for 300s. Browning index (BI) values of plasma treated cut 
leaves were lower than whole leaves. While the BI of cut leaves did not exceed 39.6 ± 
1.1, the BI values of plasma treated whole leaves did not go beyond 48.3 ± 2.2. It is 
possible that plasma mist inactivates the oxidative enzymes responsible for browning 
reactions in cut surfaces, thus delaying the browning process of cut leaves. It was 
concluded that the effect of plasma treatment time on the color values was insignificant 
until 300 s where complete microbial inactivation was achieved. However, significant 
change in color (browning or bleaching) may occur for plasma treatment time ~600 s. 
Another significant finding was that plasma treated leaves exhibited better color stability 
during storage compared to control samples (untreated and tap water treated leaves) in 
refrigerator. These results indicate that cold plasma mist has a potential in the food 
industry to not only efficiently disinfect fresh produce, but also enhance shelf life during 
storage at refrigerator conditions. Fourier transform infrared spectroscopy (FTIR) results 
of leaves treated with plasma mist, tap water mist and sulfuric acid solution showed 
similarities amongst each other. On further comparison with untreated leaf, the FTIR 
graph of untreated leaf had more number of peaks with larger peak heights. Further 
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analysis need to be conducted to determine the cause of this difference. In conclusion 
DBD cold plasma treatment can be used to disinfect baby kale leaves and improve their 
storage stability without causing any major changes in color.  
Future research should focus on determining the changes in functional groups of 
cuticle caused by various types of treatments which will provide a better understanding 
about the effects of plasma treatment on the quality of baby kale leaves. In addition, the 
treatment time for microbial analysis should be narrowed down in the range of 180s and 
300s with multiple trials to ascertain optimum treatment for microbial inactivation.   
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